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1. Introduction 
Oligomycin. introduced into biochemical research 
by Lardy et al. [l-3], inhibits oxidative phosphoryla- 
tion and all the ATP-dependent processes occurring 
on the coupling membrane of mitochondria. In several 
laboratories it has been shown that oligomycin greatly 
reduces the proton conductivity of the mitochondrial 
membrane fragments, which are devoid of coupling 
factor F, (reviewed [4]). This observation suggests 
the inhibiting effect of oligomycin to be due to the 
inactivation of the H’-conducting system operating 
between factor F1 and the external surface of the 
mitochondrial membrane. Such an explanation of the 
oligomycin effect is in good agreement with the 
chemiosmotic principle of oxidative phosphorylation 
[5,6]. On the other hand, there are indications that, 
besides the above-mentioned action, oligomycin gives 
rise to some other effect(s) closely related to the energy 
coupling mechanism. The complex character of the 
inhibiting effect of oligomycin follows from the fact 
that uncoupler-protonophores, which greatly increase 
the proton conductivity of the mitochondrial mem- 
brane, do not reverse oligomycin action. Possibly, the 
binding of oligomycin to the hydrophobic proteins of 
H’-ATPase results in conformational changes of the 
enzyme complex in toto which affect the catalytic 
properties of factor F1. Thus, Klein et al [7] showed 
that oligomycin induces a decrease in the affinity of 
the membrane-bound factor F, to the protein ATPase 
inhibitor. The occurrence of some relations between 
the factor F, conformation and oligomycin binding 
Abbreviation. PCB-. phenyl dicarba undecaborane anion 
to the hydrophobic proteins of ATPase is also indi- 
cated by the data of Lee and Ernster [8] who estab- 
lished that detachment of factor F, from submito- 
chondrial particles leads to a great increase in the 
affinity of the particles to oligomycin. Azzi and 
Santato [9] showed that the oligomycin inhibition 
of the ATP-dependent processes occurring on the 
mitochondrial membrane increases if the oligomycin 
treatment is carried out in the presence of ATP. 
Bertina et al. [lo] noted that the kinetics of inhibition 
by oligomycin depend on the energisation of the 
mitochondrial membrane. 
In this paper we show that a small portion of ATP- 
ase of submitochondrial particles is insensitive to oli- 
gomycin. It is rendered oligomycin-sensitive by addi- 
tion of ATP. The effect of ATP cannot be explained 
by the generation of A&+ coupled with ATP hydrol- 
ysis. It has also been shown that the binding of the 
non-hydrolysable analog of ATP, AMP-PNP, does 
not increase the H’-ATPase affinity to oligomycin. 
2. Materials and methods 
Beef heart mitochondria were isolated by the 
method in [ 111. The submitochondrial particles were 
obtained by the ultrasonication of beef heart mito- 
chondria by the method in [ 121. The ATPase activity 
of submitochondrial particles was determined by the 
pH-metric method [13,14]. The values obtained were 
0.35-0.70 pmol/min . mg. The oxidative phosphoryl- 
ation rate was measured in a reaction mixture con- 
taining submitochondrial particles (0.4 mg/ml), 0.0 1 M 
AMP, 0.005 M K2HP04, 0.01 M MgS04, 0.001 M 
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NADP, 0.25 M sucrose, 0.001 M glucose, 5 X 10e6 M 
rotenone, hexokinase (EC 2.7.1 .l) and glucose-6-phos- 
phate-dehydrogenase (EC 1 .l .1.49). The rate of ATP 
synthesis was about 0.1 pmol/min mg. PCB- was 
used as a probe for membrane potential (for the 
method, see [ 151). Protein concentration was measured 
by the biuret method [ 161. 
3. Results and discussion 
In fig.1 PCB- responses of the submitochondrial 
particles are shown. It can be seen that, when added 
after ATP, oligomycin completely inhibits ATP-sup- 
ported membrane potential formation (curve a). Note 
that the effect of oligomycin added after ATP devel- 
oped in -3 min. On the other hand, 3 min incubation 
of the particles with oligomycin prior to ATP addition 
fails to abolish the ATP-induced generation of mem- 
brane potential as shown by a temporary PCB- uptake 
(curve b). A similar picture was observed if the particles 
(40 mg/ml) were preincubated with oligomycin (from 
[PCB-I X lo-’ M a b c 
ATP 
Fig.1. ATPdependent generation of membrane potential in 
submitochondrial particles. The mcubation mixture in the 
measuring cell contained 50 mM Tris-H,SO, buffer (pH 7.5), 
0.25 M sucrose, 2 X 10e6 M PCB- and 0.7 mg/ml submito- 
chondrial particles. Additions: 1 mM ATP, 1 mM MgSO, and 
oligomycin 1.3 pg/ml. (a,b) control preparations of sub- 
mitochondrial particles; (c) submitochondrial particles pre- 
incubated with oligomycin for 15 mm at 20°C. The preincu- 
bation medium contained: 10 mM HEPES-H,SO, buffer 
(pH 7.5), 0.25 M sucrose, 4 mM ATP, 4 mM MgSO,, 4 pg 
ohgomycin and 4 mg particles in total vol. 0.08 ml. Preincu’- 
bation medium, 0.05 ml, was added to the measuring cell 
containing 3 ml incubation mixture (see above). 
0.5-2 pg/mg protein of the parttcles) for 15 h at 0°C 
or for 15-60 min at room temperature. The decrease 
in the pH of the preincubation medmm to 5.0, as well 
as the addition of 2,4-dinitrophenol were without 
effect. 
On the other hand, if the oligomycin-containing 
preincubation medium is supplemented with ATP, 
15 min preincubation proves sufficient to completely 
prevent the PCB- uptake induced by ATP addition to 
the incubation mixture (fig.lc). As was shown in the 
control experiment, the difference between frg.lb 
and lc cannot be accounted for by the presence of a 
small amount of ADP formed from ATP during pre- 
incubation under conditions of fig.lc. Addition of 
the corresponding amount of ADP to the incubation 
mixture does not prevent ATP-induced PCB- uptake 
in the samples without oligomycin (not shown). 
From the results obtained it follows that the 
presence of the substrate, Mg-ATP, in the incubation 
mixture accelerates the development of inhibition of 
mitochondrial ATPase by oligomycin. Similar results 
were obtained by Azzi and Santato [9] who studied 
the effect of oligomycin on the ATP-dependent 
changes in the anilino-8naphthalenesulphonate fluores- 
cence. The effect observed may be a result of: 
(1) Energisation of the membrane when the particles 
are preincubated with Mg-ATP; 
(2) ATP-dependent changes in the structure of the 
ATPase complex. 
To choose between these two possibilities, we pre- 
incubated submitochondrial particles with oligomycin 
in the presence of succinate (fig.2a), ATP and 2,4- 
dinitrophenol (fig.2b), or the non-hydrolysable ATP 
analog, AMP-PNP (fig.?c). It was found that ATP 
accelerates the interaction of oligomycin with particles 
in spite of the presence of 2,4-dinitrophenol, whereas 
succinate and AMPKPNP are ineffective. 
The results obtained show that the hydrolysis of 
ATP and not the energisation of the membrane nor 
the binding of the ATPase substrate is responsible for 
the enhancement of the oligomycin inhibition. It is 
noteworthy that AMP-PNP has been used in several 
laboratories as an effective inhibitor of mitochondrial 
ATPase (reviewed [4]). There are grounds for supposing 
that this substrate analog is bound by the active site 
of ATPase when the mitochondrial membrane is 
de-energised [4,17]. The AMPPPNP concentration 
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Fig.2. ATPdependent generation of membrane potential in 
submitochondrial particles premcubated \vlth oligomycin in 
the presence of succinate (a), ATP and 2,4dmitrophenol (b) 
and ARIP-PNP (c). For the contents of the incubation mix- 
ture in the measuring cell, set fig.1. Additions. 1 mhl ATP 
and 1 mhl MgSO,. Before addition of submitochondrial 
particles to the measuring cell. they were preincubated for 
15 min m a medium containing 10 mM HLPES-H,SO, 
buffer (pH 7.5); 0.25 M sucrose, 40 mg/ml particles. oligo- 
mycin 1 pg/mg protein of the particles. and also 50 mM suc- 
cmate (a); 4 mM ATP. 4 mM MpSO, and 200 ,uM 2,4dinitro- 
phenol (b): 50 PM AMP-PNP (c), in total vol. 0.08 ml. In the 
case of (a) the particles were treated with 2.5 mM NaCN 
before bemg added to the measuring cell. In all casts, 0.08 ml 
prrincubation medium was added to 3 ml incubation mixture. 
used in fig.2c (50 /JIM) is saturating for mitochondrial 
ATPase. 
In the same series of experiments, the effect of 
oligomycin on the rate of ATP hydrolysis by submito- 
chondrial particles was studied. The particles were 
preincubated for 15 min in the following medium: 
10 mM HEPES buffer (pH 7.5), 0.25 M sucrose, 
oligomycin (1 pg/mg protein), with or without 4 mM 
ATP and 4 mM MgS04. Small aliquots of the preincu- 
bation medium were removed to measure ATPase 
activity for 1 min. The incubation mixture for ATPase 
activity measurements contained 3 mM Tris-HCl 
(PH 8.3), 0.25 M sucrose, 20 ,uM 2,4_dinitrophenol, 
2 mM MgS04 and 2 mM ATP. A result, which seemed 
surprising, was obtained. It was found that both in 
the presence andin the absence of ATP in the preincu- 
bation mixture oligomycin strongly inhibits ATPase 
activity. The degree of inhibition was as high as 
-9o-95%. 
By comparing the last observation with the data 
obtained in experiments with PCB- (see above) or 
anilinonaphthalene sulfonate [9], we can conclude 
that ATP accelerates the reaction of oligomycin with 
a very small portion (apparently < 5%) of the H’- 
ATPase pool, which is still competent to form a mem- 
brane potential under conditions when the main 
portion of the H’-ATPase is arrested by oligomycin in 
an ATP-independent manner. 
It should be stressed that ATPase can produce a 
measurable membrane potential at a low rate of ATP 
hydrolysis, if the proton-translocating capacity of the 
H’-ATPase in samples without oligomycin is greatly in 
excess of the capacity of the AjZH+consuming process- 
es, including PCB- transport. This suggestion was 
confirmed in the experiment shown in fig.3. Figure 3 
demonstrates Mg’+ titration of the ATPase rate in the 
presence of 20 PM 2,4-dinitrophenol and the ampli- 
tude of the ATP-dependent PCB- uptake in sub- 
mitochondrial particles. One can see that a 3-fold 
decrease in the ATPase activity due to the lowering 
of the Mg’+ level gives rise to a rather small decrease 
in the PCB- response. The semi-maximal inhibition of 
the latter required a more than 20-fold decrease in 
the ATP hydrolysis rate. 
Thus, it can be concluded that in submitochondrial 
particles there are two portions of H’-ATPase, both 
competent in proton translocation, differing in the 
mode of reaction with oligomycin. One of them, pres- 
ent in a large amount, does not require ATP hydrol- 
ysis to combine with oligomycin. The other, present 
in small amounts is inhibited by oligomycin only when 
ATP hydrolysis takes place. The accompanying mem- 
brane energisation proves unnecessary for the ATP 
hydrolysis effect. 
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Fig.3.The M$+dependence of the ATP-linked PCB- response 
and of the rate of the ATPase reaction in submltochondrial 
particles. For the incubation mixture see fig.l. 
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